Results of X-ray photoelectron spectroscopic (XPS) examination and temperatureprogrammed reduction measurements by H 2 (H 2 -TPR) showed that the Co-zeolite catalysts, which were found most active in the selective catalytic reduction of NO by methane to N 2 in 
Introduction
The selective catalytic reduction (SCR) of NO x by methane is an attractive technology for NO x abatement of oxygen-rich emissions of stationary sources, such as boilers and engines fuelled by natural gas [1] [2] [3] [4] .
The reduction of NO by methane in the presence of O 2 requires catalytic activation of the reactants. First Li and Armor [1, 2] recognized that cobalt, supported on zeolites showed relatively high catalytic activity in the reaction. Later on a few other supported metal, such as, Pt, Pd, Ni, Mn, Ga, In, and their combinations were found to have also substantial activity [3] .
Depending on the zeolite structure, catalyst composition and method of preparation the Cozeolite catalysts presented diverse activities. A number of studies were devoted to learn the underlying structural and compositional factors determining the NO-SCR activity of Cozeolites, however, the picture remained obscure. Studying Co,In-zeolites we demonstrated recently that efficient NO-SCR reaction by methane requires two independent catalytic functions. One of these must promote NO 2 -forming reaction (NO-COX reaction) and the other has to generate active surface NO x intermediates that are believed to have significance in the N 2 forming reaction with methane (CH 4 /NO-SCR reaction) [5] . The knowledge gathered before about the mechanism of selective NO reduction over Co,In-zeolite catalysts was found beneficial in attaining a better understanding of the overall mechanism of the reaction over Co-zeolites. The lesson learned is reported in the present paper.
The state of art about the NO-SCR over Co-zeolites can be briefly summarized as follows. In the presence of oxygen the NO was found to form Co-bound adsorbed NO x species (x= 2, 3) that was suggested to be essential to oxidize CH 4 and to get somehow N 2 [6] [7] [8] [9] [10] [11] [12] . However, the way of formation and the nature of the active surface-bound NO x , as well as, the way of the N-N bond formation remained a matter of discussion.
It was suggested that the NO x species was obtained simply via O 2 oxidation of NO, bound to Co 2+ [6, 7, 11] , or by the reaction of NO with superoxide ion O 2 -formed in the interaction of Co 2+ sites and O 2 [4, 13] . It was shown long ago that the high electric field inside the zeolite cavities can induce charge separation of NO 2 to NO 2 + /NO 2 -ion pair [14] .
Using infrared spectroscopy the NO x was identified as NO 3 - and NO + species obtained from the adsorption of NO/O 2 mixture [4, [15] [16] [17] . In recent publications we confirmed the simultaneous formation of these species over [InO] + or Co 2+ forms of zeolites [5, 17, 18] . The positive charge on the cobalt and the negative charge on the zeolite framework pose an electrostatic field in the zeolite cavity that can give rise not only to charge separation but also to disproportionation of 2NO 2 to obtain NO 3 -/NO + ion pair. The appearance of mentioned species assumes the preceding formation of NO 2 that sometimes appear also in the product mixture of the NO-SCR reaction. At high NO concentration the equilibration of the NO/NO 2 /O 2 system is quite facile even around room temperature. However, at low concentrations (≤4000 ppm) and temperature (< ~700 K) the equilibration reaction is kinetically hindered. It is believed that catalytic promotion of the reaction is needed to approach equilibrium more rapidly and, thereby, to accelerate NO x formation, methane activation and the NO-SCR reaction [19] . However, Busca et al. [10, 11] questioned that NO 2 could play any role in the NO-SCR mechanism. Instead, NO 2 was considered as undesired byproduct, which competed with the reaction producing N 2 especially at lower temperatures (<700 K) where the NO 2 formation was thermodynamically favored.
Regarding the intermediates of the N 2 -forming reaction of NO and methane in the presence of O 2 the opinions are rather speculative and often contradictory. According to above reasoning NO 2 is one of the possible intermediates of the NO-SCR reaction [9, [20] [21] [22] .
In order to describe the process of N-N coupling in the reaction of surface NO x and methane nitro-or nitrosomethane was visualized as a transient species that pass through a series of poorly defined transformations before a derivative thereof, containing nitrogen in a reduced electronic state, like NH x , nitrile, or isocyanate, reacts with a species, containing nitrogen in oxidized electronic state, like NO or NO 2 , to give N 2 [6] [7] [8] [9] [10] . We have found, using In-zeolite catalysts, that not the gas phase reactant but the surface-bound NO + , formed together with NO 3 -ion, is a likely reaction partner in this last N 2 forming reaction step [5, 18] .
The Co-species in the Co-form zeolites are quite well described [3, 11, [22] [23] [24] [25] [26] [27] [28] [29] [30] .
Depending on the preparation method Co-zeolites can contain different active Co centers in variable proportions, such as, (i) Co 2+ cations in ion-exchange positions of the zeolite, (ii) Cooxocations or oxide-like Co species inside the pores of zeolites, and (iii) Co-oxide clusters on the outer surface of the zeolite crystallites. However, the participation and the particular role of these Co-species in the NO-SCR reaction are not fully clarified yet. It is generally accepted that the Co-oxide or oxide like Co species can enhance NO 2 formation [3, 22, 25, 26, 31] and also initiate methane combustion [24, 26, 29, 32, 33] . However, contradictory opinions were expressed about the role of Co 2+ cations. Although these cations are usually the most abundant Co-species in the Co-zeolites the real active sites of NO-SCR by methane was claimed to be cobalt oxide microaggregates or clusters in the zeolite pores [29, 30] .
In the present study, we show that the NO-SCR by methane proceeds on a similar mechanistic route over Co-zeolite catalysts than that described before for Co,In-zeolite catalysts. It is also shown that the various cobalt species, generated during the catalyst preparations, present different kinds of catalytic activities and their proportions determine the NO-SCR activity of the Co-zeolite catalyst.
Experimental

Catalyst preparation
Two methods were applied for the introduction of cobalt in zeolite samples, namely liquid phase ion exchange (IE) and solid state reaction (SSR were prepared using aliquot parts of the IE samples and applying the above described SSR method. The catalyst preparations and their composition, determined by rendering the sample soluble and using atomic absorption spectroscopic analysis, are listed in Table 1 .
Temperature-programmed reduction by hydrogen (H 2 -TPR)
The H 2 -TPR measurements were carried out using a flow-through microreactor (I.D. mixture. The reactor temperature was ramped up at a rate of 10 K·min -1 to 1073 K, while the effluent gas was passed through a dry-ice trap and a thermal conductivity detector (TCD).
Data were collected and processed by computer. Hydrogen consumption was calculated from the area of the TPR peak using a calibration value determined by H 2 -TPR of CuO reference material.
X-ray photoelectron spectroscopy
XPS analyses were carried out using a multi-technique system manufactured by
Omicron Nanotechnology GmbH. The system was equipped with a dual Mg/Al X-ray source and a hemispherical EA 125 analyzer operating in fixed analyzer transmission (FAT) mode.
Each catalyst sample was pretreated ex situ in a 30 cm 3 ·min -1 flow of O 2 at 773 K for 1 hour before the XPS experiments. Before collecting spectra, the pellet, pressed from the pretreated catalyst powder, was annealed in situ in vacuum at 673 K for 1 hour then cooled to room temperature. The spectra were obtained with pass energy of 30 eV; the Al-Kα X-ray source was operated at 150 W and 15 kV. The working pressure in the analyzing chamber was less than 1×10 −9 mbar. The spectral regions corresponding to Co 2p, O 1s, C 1s, Si 2p, Si 2s and Al 2p core levels were recorded for each sample. The BE reference value was Si 2p = 102.9
eV [34] . The data treatment was performed with the Casa XPS program (Casa Software Ltd, UK). The peak areas were determined by integration employing a Shirley-type background.
Peaks were considered to be a mixture of Gaussian and Lorentzian functions in 70 to 30 ratio.
For the quantification of the elements, integrated intensities were processed by the software XPSMultiQuant [35] by assuming homogeneous depth distribution for the sample constituents.
Catalytic activity
About 100 mg of catalyst (particle size: 0.25 -0.5 mm) was placed into the same flow-through microreactor as used for the H 2 -TPR measurements. concentration from the intensity of the m/z=28 signal is uncertain because of the possible simultaneous presence of CO (m/z=28) in the gas. Therefore, the conversion to N 2 was determined as the difference of the total NO conversion and the sum of the conversion to NO 2 and twice the conversion to N 2 O. Usually not any or only a trace amount of N 2 O could be detected. The concentrations obtained from the intensity of m/z=28 MS signal and that calculated for the N 2 product as explained never deviated more than ± 5%. This is suggesting that CO formation, if any, was insignificantly low.
Operando DRIFTS investigations
The surface species obtained from the adsorption of the reactants, their mixtures, and from the adsorption of their reaction products were studied by DRIFT spectroscopy using a Nicolet 5PC spectrometer, equipped with a COLLECTOR TM II diffuse reflectance mirror system and a flow-through DRIFT spectroscopic reactor cell (Spectra-Tech, Inc.). 
Results
Catalyst characterization
H 2 -TPR
The H 2 -TPR curves obtained for the different Co-zeolites are shown in Fig. 1 Table 2 ). The Co 2+ cations of zeolites were shown to become reduced only over about 1073 K [10, 11, 25, 27, 28] . The low intensity peaks in between 723 and 823 K indicate that some Cooxo species were also formed during preparation of the ion-exchanged Co-zeolite samples, which were most probably located within the zeolite pores [28] . 
XPS results
The XPS spectra of the Co 2p region are shown in Fig. 2 (Table 1) . However, the intensity ratio of the peak assigned to Co 2+ ions in ion-exchange position and the peak assigned to Co-oxide species does not reflect these concentration ratios.
This discrepancy can be attributed to the fact that Co 2+ ions in ion-exchange positions are homogenously distributed within the zeolite crystallites, whereas Co-oxide is present in form of particles heterogeneously distributed on the outer surface of the crystallites, the bulk of which is not accessible for XPS analysis. The contribution of CoO and Co 3 O 4 to the peak of Co-oxide species can be theoretically determined via their distinct shake-up satellite structure [36] . The relatively low intensity of the band due to Co-oxide, however, does not allow us to distinguish these two oxide forms. Based on the hydrogen consumptions determined by H 2 -TPR Co-oxide is present predominantly in form of Co 3 O 4 in the samples (Table 2) .
Catalytic results
In Figs. 3 and 4 NO-SCR activities of Co,H-zeolite catalysts are shown as the function of reaction temperature. The catalysts containing Co 2+ ions in the zeolite lattice have low activity but high selectivity in the conversion of NO to N 2 (Figs. 3A and 4A). In the product gas minor amount of NO 2 was detected at reaction temperatures below about 700 K (Fig. 4A ).
The methane conversion hardly exceeded the level defined by the stoichiometry of Eq. (1) (conversion ratio CH 4 /NO = 0.5).
In agreement with earlier results [11, 37, 38] that catalyst is needed to facilitate the reaction. In line with expectations [11, 37, 38 ] the catalysts containing Co-oxide were very active ( Fig. 5A and 5B). The conversion curves pass through maximum. The kinetic control is removed by increasing the reaction temperature up to about 650 K. If temperature is further increased the thermodynamic control becomes effective decreasing the conversion limit [11, 38] . The zeolite H-ZSM-5 showed significantly lower NO-COX activity than the zeolite Co SSR ,H-ZSM-5 sample, containing cobalt oxide (Fig. 5A) . Nevertheless, in accordance with earlier results [19, 22] , the reaction proceeded also on the Brønsted acid sites. Virtually the same conversion curve was obtained using either (Fig. 5A ), which finding substantiates that the Co 2+ lattice cations of the zeolites do not contribute to the NO-COX activity. In line with this and with the results of Kaucky et al. [22] , significantly lower conversions were observed over
We noticed that under NO-SCR conditions the catalytic function, which accelerates NO oxidation by O 2 to NO 2 speeds up also the reaction generating N 2 . As it was substantiated before [9, [20] [21] [22] this finding also supports the opinion that NO 2 is an intermediate of the NO-SCR process. In order to provide clear evidence for this the NO conversion by O 2 was studied as a function of space time with and without methane in the reacting gas mixture (Fig. 6 ). As the space time was increased in absence of methane, the steady-state NO 2 concentration in the reactor effluent got closer and closer to its equilibrium value at the selected temperature (Fig.   6A ). In the presence of methane the NO was converted both to NO 2 and N 2 . As a function of space time the conversion to N 2 steadily increased whereas the conversion to NO 2 passed through a maximum ( formation curve at space times below about 0.1 sec (Fig. 6B) , showing that the N 2 formed in the NO-SCR reaction comes quantitatively from the conversion of NO 2 produced in the NO-COX reaction. At higher space times, however, the measured conversion to N 2 begins to exceed the N 2 equivalent of the corresponding NO 2 loss (Fig. 6B) 
where Z -represents a segment of the zeolite framework, carrying one negative charge.
On the spectrum of zeolite H-ZSM-5 bands appeared at 2125 and 1640 cm -1 (Fig. 7B , spectrum (a)). These bands stem from the ν NO and δ H 2 O vibrations of zeolite-bound nitrosonium ions (NO + ) and water, respectively [39] . The formation of these species was accompanied by the consumption of Brønsted acid hydroxyl groups, as indicated by the negative ν OH band at 3600 cm -1 (Fig. 7A, spectrum (a) ).
The adsorption on the H-M sample can be described similarly. The NO + species gave a broad characteristic band around 2210 cm -1 , whereas a weak δ H 2 O band of water is discernible at about 1630 cm -1 (Fig. 8B, spectrum (a) ). The adsorbed H 2 O also generated three broad bands, the so called ABC triad, around 2860, 2380, and 1700 cm -1 (only the latter two are discernible in the shown frequency range), which are due to H-bonding between adsorbed water and acidic OH-groups [16, 40] . The H-mordenite has two kinds of bridged hydroxyl groups: one, located in main channels and another in the side pockets, giving ν OH bands at -1 , respectively (vide infra). In a previous study [16] , it was shown that NO + in the main channels and the side pockets has different vibration frequencies giving a ν NO band around 2170 and 2210 cm -1 , respectively. The negative ν OH band in the difference spectrum at 3575 cm -1 and the ν NO + frequency suggests that under the applied experimental conditions the dehydroxylation and NO + formation took place mainly in the side pockets of the H-mordenite (Fig. 8, spectrum (a) ). We note here that the intensity loss of the ν OH band is partly due to the replacement of the zeolite protons by NO + and to some extent also due to the mentioned H-bond interaction of the hydroxyl groups and water. and 3700 cm -1 due to external and internal terminal Si-OH groups, respectively, whereas the OH-groups attached to extra framework aluminum species give characteristic band at 3655 cm -1 [42] . These species have no relevance to present discussion.)
The new features on the spectrum obtained from adsorption of NO/O 2 mixture on the Co IE ,H-ZSM-5 catalyst are the negative ν OH band at about 3670 cm -1 (Fig. 7A, spectrum (c) ), the band at ~1570 cm -1 with shoulders at ~1600 and 1520 cm -1 , and bands in the 1750 -1950 cm -1 range (Fig. 7B, spectrum (c) ). Latter bands are usually attributed to different nitrosyls and dinitrosyls of cobalt ions (vide infra) [43] . Fig. 7 and 8, spectra (c)). The found minor differences reflect the structural differences of the zeolites. The NO + , formed in the latter catalyst, gave a single band at 2125 cm -1 , whereas that formed in the former one gave a pair of bands at 2170 and 2210 cm -1 (cf. Figs. 7B and 8B, spectra(c)). It is obvious that the two bands stem from two kinds of NO + species, which must be related to two kinds of adsorption sites [16] . It was
shown that the cobalt population of the cation positions of mordenite depends on the degree of ion exchange. At low exchange degree (Co/Al F < ~0.1) the cobalt ions take positions in the side pockets, whereas at higher exchange degrees (Co/Al F > 0.1) positions are occupied also in the main channels [47] . The Co/Al F ratio in Co IE ,H-M is 0.175 (Table 1) The bands in the 1750 -1950 cm -1 range are usually attributed to different nitrosyls and dinitrosyls of cobalt ions [43] . The pair of bands at 1805 and ~1900 cm -1 (Fig. 7B) were assigned to the symmetric and asymmetric ν NO vibrations of Co 2+ -dinitrosyl species [6, 7, 44, 48] . As we discussed in a recent publication [5] , the assignment of the band at 1932 cm -1 (Fig. 7B) is less straightforward. Briefly, it was attributed either to Co 2+ -mononitrosyl [6, 7] , or to Co 3+ -mononitrosyl in Co-ZSM-5 [44, 48] . It was emphasized, however, that latter species must carry an oxygen ligand that lowers the charge on the cobalt [49, 50] . It was argued that it is highly improbable that bare Co 3+ ions could neutralize three distant negative charges of the zeolite having high framework Si to Al ratio (>15). The oxygen-carrying Co 3+ was expected to get reduced at lower temperature than the Co 2+ ions [10, 11, 25, 27, 28] . The H 2 -TPR results, however, showed that our Co IE ,H-ZSM-5 sample contains only a minor amount of cobalt species reducible below 1073 K ( (2) and (3)) proceed on these samples. Note, however that the NO 3 -bands (1600 -1500 cm -1 ) of the catalysts show substantial intensity difference. The surface concentration of the NO 3 -species is higher on the catalysts containing both Co-oxide and zeolite Co 2+ ions as compared to those containing predominantly the latter cobalt sites.
Results suggest that the rate of the process according to Eq. (3) is higher in the presence of Co-oxide, promoting the NO-COX reaction.
Reaction of methane with the surface species from NO/NO 2
The transient response of the catalytic system comprising of Co SSR ,Co and effluent composition (monitored by MS) are shown in Fig. 10 and 11 , respectively. At steady state in NO/O 2 /He reactant flow at 673 K or 723 K, practically the same surface species can be observed than those at 573 K (cf. Fig. 8B , spectrum (d) and top spectra in Fig.   10 ). However, the intensity of the characteristic bands of NO + (~2220 and 2170 cm -1 ) and nitrate (1600 -1500 cm -1 ) was lower at higher reaction temperatures suggesting lower steady state concentration of these species due to the reversibility of the processes according to Eqs. [44, 45] . It was also shown that the Co-mononitrosyl giving the band at 1937 cm -1 is particularly sensitive to water [44] . The intensity drop of this band (Fig. 10) is, therefore, due to the displacement of the nitrosyl species by water formed during the SCR reaction. This is clearly supported by the fact that the intensity of the nitrosyl band was hardly affected initially, then declined quickly as the intensity of the δ H 2 O band of adsorbed water at 1630 cm -1 increased after about 3 min reaction time, when the other reaction products have already reached their steady state concentrations (Fig. 11) . Thus, in agreement with earlier findings [44, 45] , we also exclude that mononitrosyl species could play any role in the NO-SCR mechanism.
The steady state concentrations of NO 2 (formed in NO-COX reaction) and N 2 (formed in CH 4 /NO-SCR reaction) are in good agreement with those obtained in corresponding microreactor experiments under the same reaction conditions (Fig. 4C and 5B). At higher temperature higher is the rate of NO + /NO 3 -conversion (Fig. 10 ) and the composition of the reactor effluent reaches its steady state also more quickly (Fig. 11) [29, 49, 51] . Accordingly, the Co-oxo species account for about 16% and 4% of the total Co content of the mordenite and ZSM-5 sample, respectively.
Discussion
The Co species of the catalysts
The solid state reaction (SSR) between H-zeolite and cobalt acetate resulted in catalysts containing Co-oxide clusters (mostly Co 3 O 4 particles) mainly on the outer surface of the zeolite crystallites. These species do not adsorb NO [25, 49] . Therefore, the appearance of Co 2+ -NO band in the infrared spectra (Figs. 7 and 8) suggests that a minor fraction of cobalt occupied lattice positions as Co 2+ cations in the zeolite structure. If Co,H-form zeolites were exposed to similar SSR the obtained catalysts contained cobalt both as zeolite cations and also as Co-oxide clusters out of the zeolite structure. The XPS measurements confirmed the coexistence of Co 2+ ions and Co-oxide clusters in these catalysts. The SSR did hardly affect the lattice cations.
Catalytic functions of the Co species
There is ample of evidence that the lattice Co 2+ -ions are active in the N 2 forming CH 4 /NO-SCR reaction (Figs. 3A and 4A) [3, 11, 22, 26, 33, 41, 51, 53] but do not contribute to the NO-COX activity of the catalyst (Fig. 5) The role of zeolite Co 2+ ions in the NO-SCR is still matter of debate. It was argued that the reaction involving several molecules and reaction steps is highly unlikely to proceed on isolated Co 2+ sites. The catalytic activity of these cobalt cations was also questioned because of their "redox-inactive" nature. Therefore, not the zeolite cations but small Co-oxide microaggregates in the zeolite pores were suggested to be the real active sites [29, 30] . The found correlation between the catalytic activity and the Co 2+ concentration and the absence of evidence for the presence of oxide microaggregates at low cobalt loadings strongly questions this notion [33, 41, 51, 53] . Intrapore Co-oxo species were observed only at higher Co loadings.
The amount of such species increased exponentially with the Co content, whereas the NO-SCR activity still increased linearly, suggesting that these species alone could not be the active sites [51, 53] . Above we have also shown that there is good correlation between the amount of active Co 2+ ions and catalytic activity of mordenite and ZSM-5 catalysts. These results support that lattice Co 2+ sites have key role in the NO-SCR reaction.
As it was reported earlier [11, 22, 26, 29, 33] , the Co-oxide clusters promote the NO 2 -generating NO-COX reaction (Fig. 5 ), but not the N 2 -forming CH 4 /NO-SCR reaction step of the NO-SCR process ( Fig. 3B and 4B ). Over the Co SSR ,H-zeolites no nitrogen formation was observed below 700 K. The activity could turn up at high temperature due to the presence of minor amount of Co 2+ that eventually got in the zeolite structure during SSR. It is well documented that the Co-oxide-like species are able to promote the oxidation of NO to NO 2 [3, 22, 24, 26, 31] . As others [19, 22] , we found that also the Brøsted acid sites can induce this oxidation process, but at significantly lower rate than the Co-oxide clusters (Fig. 5) . Thus, introduction of Co-oxide clusters into Co-exchanged zeolites promoted the generation of NO 2 .
The accelerated NO-SCR reaction is attributed to this catalytic effect (Figs. 3C and 4C ).
Similar promoting effect was already suggested to contribute to the NO-SCR activity of different Co and Pd catalysts [22, 26, 37, 56] .
The Co-oxo species in the Co-zeolites can be also with negative effect on the NO-SCR activity. It should be noted that the Co 3 O 4 , which was the main Co species in our catalysts, promote also the undesired methane combustion [3, 24, 27, 29, 33] . This reaction can decrease the selectivity of NO reduction by consuming the reducing agent methane. The relative rate of the preferred or the adverse processes depends on the reaction temperature and the cobalt oxide content as it is shown by Figs. 4C and 4D. Over about 700 K the methane combustion became the prevailing reaction, whereas below this temperature the promoting effect of the oxide prevails. These results suggest that the NO-COX and the CH 4 /NO-SCR activities of the catalyst should be properly balanced in order to maximize N 2 selectivity.
Cooperation of catalytic functions
The interplay of active sites catalyzing the NO-COX reaction (Co-oxide species) and the N 2 -forming CH 4 /NO-SCR reaction (Co 2+ sites) seems to be required to get NO-SCR reaction. The promotional effect of Co-oxo species is manifested in their ability to accelerate the NO-COX, i.e., the oxidation of NO to NO 2 . In absence of such species the NO-COX reaction proceeds on Brønsted acid sites at a lower rate (Fig. 5A) . Results also suggest that high N 2 selectivity requires quick consumption of NO 2 by the N 2 -forming CH 4 /NO-SCR reaction. Latter reaction becomes high enough over about 700 K, where the Co-oxide promoted catalysts became fully selective for N 2 (Figs. 3C and 4C ). Below this temperature, the NO 2 formed in the NO-COX reaction is not completely consumed and appears in the gas phase as generally observed for Co-zeolites containing Co-oxide species in addition to ionexchanged Co 2+ ions [10, 11, 22, 29] . The appearance of NO 2 in the product mixture led some authors to question the role of NO 2 as important NO-SCR intermediate [10] [11] [12] . It was argued, that gas phase NO 2 was formed from adsorbed NO x species at lower reaction temperatures in an undesired parallel reaction, where the thermodynamics favored its formation. It was suggested that the reaction became selective towards N 2 only in the higher reaction temperature range where the formation of NO 2 was thermodynamically limited and adsorbed NO x species were consumed only in the reaction giving N 2 . In agreement with earlier findings [9] our results strongly suggest that NO 2 was consumed in the N 2 -forming CH 4 /NO-SCR reaction. This becomes obvious if we compare the NO 2 concentration in the reactor effluent when methane is present or absent in the feed (cf. Figs. 3C and 5A or Figs. 4C and 5B). The methane reduces the NO conversion to NO 2 . The conversion curves provide evidence that NO 2 is reaction intermediate (Fig. 6) . At low space times (<0.1 s), where the NO 2 concentration is still far from its equilibrium concentration, the actual NO conversion to N 2 was equal with the N 2 amount, equivalent with the NO 2 formed in the NO-COX in the absence of methane in the reactant gas. At higher space times the conversion to NO 2 passes through maximum as usually happens with the intermediate of a consecutive reaction. These observations substantiate that the N 2 -forming CH 4 /NO-SCR reaction is related to the NO 2 -forming NO-COX reaction and NO 2 is a key intermediate [9, [20] [21] [22] . It is important to note, that this latter reaction also requires a catalyst (Fig. 5) , although the thermodynamics allow high NO 2 concentration even at 673 K. Indeed, it is well known that NO is easily oxidized to NO 2 with O 2 in the gas phase (2NO+O 2 2NO 2 ) at room temperature; however, NO 2 formation quickly drops to zero at about 573 K and does not proceed at all even at higher temperatures without a catalyst [19] . This is due to the fact, that the rate of the reaction is The activity of the Co 2+ /[Co-OH] + sites in the NO-SCR reaction is clearly related to their ability to form surface nitrate species (vide infra). This reaction requires NO 2 (Eqs. (3) and (4)) [5, 17] . The steady state NO 3 -concentration on the zeolite catalyst depends on the relative rates of the NO-COX and the N 2 forming CH 4 /NO-SCR reactions (Figs. 7 and 8 ).
Catalytic mechanism
In harmony with earlier conclusions [10, 12, 17, 25, 44, 45] 
The elementary steps of the reaction are presently not known. It has been proposed that the C-H bond cleavage, initiated by adsorbed NO x species, results in a methyl radical and a hydroxyl radical (or HONO, HNO 2 ], although gas phase methyl radicals could not be detected [6, 9, 21, 58] . The involvement of free radicals is not questioned, however, there are strong evidences that the reaction must be initiated by catalyst [20, 21, 58] . [3, 4, 7, 9, 13] . Anyhow, a plausible mechanism has to show that the charge balance of the system is maintained throughout the catalytic cycle (vide infra).
It is often suggested that the active intermediate reacts with gas phase or adsorbed NO or NO 2 to give N 2 [6] [7] [8] [9] [10] [11] [12] . We propose here that the NO + species plays a key role in the N 2 -forming reaction step [5, 17, 18] :
The NO + species alone, when formed for instance on Brønsted acid sites (Eq. (2)), cannot initiate the CH 4 /NO-SCR reaction [18] . However, the surface NO + together with NO 3 -seems to take part in the NO-SCR reaction [5, 17, 18] . The NO + can react with the intermediate species generated in the reaction of methane and the surface nitrate [5, 18] . The formal oxidation state of nitrogen in the NO + and in the mentioned intermediate are 3+ and 3-, respectively, satisfying the criterion of N 2 formation from two nitrogen-containing species [4, 58] . Results of the present study confirm the parallel formation and consumption of NO + and NO 3 -species (Fig. 10 ).
The mechanism, outlined by Scheme 1, provides plausible explanation how the charge balance of the system can be maintained in the catalytic cycle. Note that the reactions according to Eqs. (5) and (6) (Figs. 3C and 4C ). Below 700 K, the high NO-COX activity and the insufficient CH 4 /NO-SCR activity of the catalysts result in the appearance of NO 2 in the product gas, causing the often observed poor N 2 selectivity [10, 11, 22, 29] . The CH 4 /NO-SCR reaction can be selective for N 2 formation, however, the N 2 selectivity of the overall NO-SCR reaction can be lower if the NO 2 formed in the NO-COX reaction is not fully consumed in the coupled CH 4 /NO-SCR reaction.
It is worth to compare the activity of the Co-oxide promoted In,H-zeolites, studied earlier [5, 18] The undesired methane combustion, proceeding over Co-oxide sites, decreases the NO-SCR activity and selectivity. Therefore, the amount and nature of Co-oxide and the reaction conditions has to be optimized also with regards to methane combustion in order to get the best NO-SCR activity. 
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